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Abstract—The Canadian water quality guidelines for the protection of aquatic life assume that (1) the external water concentration
is an effective measure of the concentration at the active site in organisms, which is ultimately responsible for a toxic response,
and that (2) the safety factor accounts for any differences between laboratory and field conditions as well as the extrapolation from
the effect concentration to a long-term no-effect concentration. This study examines these assumptions and assesses potential errors
that environmental managers can make when applying the guidelines. The methodology is based on assessing the probability that
internal concentrations of several contaminants are greater than or less than the ‘‘safe” concentration, assumed by the guideline,
when the water concentration is at the water quality guideline. Results derived from empirical observations and a food-web
bioaccumulation model show that a high probability (62—-100%) exists that safe internal concentrations are exceeded for polychlor-
inated biphenyls, 1,2.4,5-tetrachlorobenzene, and hexachlorobenzene in Lake Ontario when the aqueous concentrations are at the
water quality guideline values. This is due to field bioaccumulation factors being greater than the bioaccumulation factors in
laboratory toxicity tests used for the water quality guideline development. Factors contributing to the exceedence of safe internal
concentrations at the water quality guideline values are identified. Recommendations for improvement of the water quality guideline

process are provided.

Keywords—Bioaccumulation Water quality objectives

INTRODUCTION

The Canadian water quality guidelines (WQG) are toxic
effects-based environmental concentrations in water that are
recommended to protect various resource uses (i.e., aquatic
life, wildlife, recreation, agriculture, and drinking water) of
these media. One of the goals of the guidelines for the pro-
tection of aquatic life is the protection of all life stages of all
species {1]. The methodology generally used to achieve this
goal is to estimate a “‘safe” concentration in water from avail-
able standard laboratory toxicity experiments for individual
substances with species such as Daphnia magna, rainbow
trout, and fathead minnows. In these experiments, the organ-
isms are typically exposed to aqueous solutions of various
fixed concentrations for a defined period of time, after which
a toxicological endpoint, such as mortality, growth rate, or
reproductive ability, is determined. A WQG is then derived
by applying a safety factor to the most sensitive effect level
(either the lowest observable effect level [LOEL] or LC50)
for the most sensitive species reported in the toxicological
literature, assuming that, by protecting this species, other spe-
cies will be protected as well. The safety factor is used to
account for differences in sensitivity among species, laboratory
versus field conditions, test endpoints, and convert the effect
concentration to a long-term no-effect concentration [1].

Two main assumptions are inherent in the WQG protocol
for aquatic life. First, it is assumed that the external water
concentration is an effective measure of the concentration at
the organism’s active site, which is ultimately responsible for
the toxic response. Second, it is assumed that the safety factor
is large enough to account for any differences between labo-
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ratory and field conditions, the extrapolation being from the
effect concentration to a long-term no-effect concentration as
well as any differences in species’ sensitivities to the chemical
substance. If these assumptions hold, the water quality guide-
line protocol can be expected to be protective as intended, and
internal concentrations at the active site in organisms from the
field will not exceed the level that was presumed to be safe
from the laboratory toxicity data. However, if these assump-
tions are incorrect, one of two errors might occur. Environ-
mental managers might assume that the safe internal concen-
tration is not exceeded at the water quality guideline in the
field when in fact it is and incorrectly conclude that actions
to control the substance are unnecessary. This is analogous to
a Type 11 error. Conversely, environmental managers might
conclude that the safe internal concentration is exceeded at
water concentrations above the water quality guideline and
that further action to manage the substance is necessary when
in fact it is not. This is analogous to a Type I error.

It is recognized by the Canadian Council of Ministers of
the Environment [2] that the use of WQG requires an under-
standing of the chemical, physical, and biological character-
istics of the water body as well as the behavior of the substance
once it is introduced into the aquatic environment. In other
words, the guidelines must be adjusted when deriving site-
specific objectives so that the exposure concentration for a
given substance is still an accurate surrogate for the concen-
tration at the target site(s) of action. Factors that can modify
toxicity to aquatic organisms—including temperature, dis-
solved oxygen, ionization, particulate matter, exposure, kinet-
ics, mechanisms of toxicity, bioaccumulation, biomagnifica-
tion, and biotransformations—are acknowledged by the Ca-
nadian Council of Ministers of the Environment [2]. However,
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Table 1. The lowest observable effect level (LOEL) (pg/L) used in the Canadian water-quality guideline (WQG) development: the WQG (pp/

L); the safety factor used in the WQG development process; the bioaccumulation factor BAF, |, (L/kg lipid) in the toxicity experiment used 1o

derive the WQG: the bioaccumulation factor BAF, 455 (L/kg lipid) observed in lake trout from Lake Ontario; the bioaccumulation factor BAF yon

(L/kg lipid) in lake trout from Luke Ontario estimated by the food-web bioaccumulation model; the safe internal concentration C gap: (pg/kg

lipid); the critical internal concentration C, cy;r (pg/kg lipid); and the internal tissue concentration Cy, woe (npg/kg lipid) expected at the WQG
for lake trout?

PCBs TECB HCB
LOEL 0.2 16] 86 [N 3.5 [10)
wWQG 0.001 [2} 0.15 [2] 0.0065 (2]
Safety factor 0.005 [2] 0.0025 {2] 0.0015 [2]
BAF, , au 1.85 X 10¢ 5.01 x 10* 1.66 %X 103
(0.47 X 10°) (+1.29 X 109 (x0.63 X 10%
(—1.03 X 10%
BAF, ogs 52 x 107 3.1 X 10 3.4 X 10¢
(*1.9 x 07) (1.6 X 10 (x1.6 X 109
BAF, yon 8.0 X 10 8.1 x 10 2.6 X 108
(—4.1 x 107 +8.2 X 107) (-1.2 X 10%, +14 X 109 (1.1 X 108, +1.8 X 109
Cycrir 3.70 X 10° 431 x 108 5.81 X 105
(x0.94 x 105 (—0.88 X 10¢, +1.1 X 10%) (£2.2 X 109
Cosare 1.9 x 10° 1.1 X 104 8.71 X 102
(0.47 X 10%) (-0.22 x 104 +0.28 X 10% (£330 X 10
CLwoo 52 X 104 4.7 X 10* 2.2 X 10*
(observed) (1.9 X 104 (x23 X 109 (x0.99 X 104
CyLwoo 8.0 x 10* 1.2 x 10 1.7 X 10
(model) (4.1 X 104, +8.2 X 10% (—0.18 X 104 +0.21 X 10% (—0.72 X 10%, +1.2 X 109

“ References are given in square brackets; standard deviations are in parentheses. Lower and upper standard deviations that are unequal refer to

data that are log normally distributed.

no specific quantitative guidance currently exists for the in-
corporation of these site-specific factors into the development
of site-specific objectives for organic substances, and resource
managers typically adopt these guidelines directly to assess
and manage water quality.

In this study, we investigate the situation in which the Ca-
nadian water quality guidelines are applied directly. The pur-
pose of this study is twofold. First, we explore the applicability
of the assumptions inherent in the water quality guideline pro-
tocol and assess the magnitude of Type I and Type II errors
if the current water quality guidelines for the protection of
aquatic life are applied directly to assess and manage envi-
ronmental quality on a site-specific basis. To investigate these
errors, we examine the differences in the relationship between
the water concentration and internal concentration under lab-
oratory and field conditions. Second, we propose and illustrate
simple methods that can be used to improve the use of water
quality guidelines by incorporating site-specific factors and
processes that affect the relationship between concentrations
of chemicals in water and aquatic biota.

METHODOLOGY
Summary

Our methodology uses four steps. First, we determine the
“critical’’ and the ‘“‘safe’” internal concentrations for selected
substances from the laboratory toxicity test results that were
used to derive the WQG. The critical concentration is the
concentration of the substance (in units of grams chemical per
kilogram [wet weight] body weight) that is present in the or-
ganism when the toxic effect is observed in the toxicity ex-
periment. The safe concentration is the concentration of the
chemical in the organism that can be viewed as the concen-
tration that is considered to be acceptable according to the
guideline. It is the critical concentration multiplied by the safe-
ty factor (SF). Second, we derive bioaccumulation factors
(BAFs) of the same compounds at an actual field site using
(1) reported, observed data for water and biota and (2) a food-

web bioaccumulation model. Third, we apply a hypothetical
scenario in which the water concentration at the field site is
assumed to be at the recommended WQG. The concentrations
in the organisms in the field are then determined by multiplying
the water quality guideline and the BAF and compared against
the safe and critical concentrations. Type I and Type II errors
are then assessed. Values given in parentheses are standard
deviations of the mean. Lower and upper standard deviations
that are unequal refer to data that are lognormally distributed.
Standard deviations were either obtained from reported values
or derived through simple error analysis.

Selection of substances

Three substances were selected to examine the relationship
between the water concentration and internal concentration in
the laboratory and field: polychlorinated biphenyls (PCBs),
1,2,4,5-tetrachlorobenzene (TECB), and hexachlorobenzene
(HCB). These chemicals were selected because of the avail-
ability of water quality guidelines, measured environmental
concentration data, and well-established bioaccumulation
properties. The respective recommended Canadian water qual-
ity guidelines and lowest observed effect levels (LOEL) from
which the guidelines were derived are listed in Table 1.

Step 1: Derivation of the critical and safe internal
concentrations

For each chemical substance, we determined a critical con-
centration in the organism at the LOEL during the laboratory
experiments used to develop the WQG. This was done by (1)
using measured internal concentrations associated with the ob-
served toxic effects, (2) multiplying measured bioconcentra-
tion factors by the LOEL to predict the internal concentrations,
or (3) applying bioconcentration models {3—5] to assess in-
ternal concentrations during the toxicity test from which the
guideline was developed. The safe internal concentration was
then derived by multiplying the critical concentration and the
safety factor used in the WQG development process. This
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assumes that the safety factor used to develop the WQG for
exposure-based toxicity data is appropriate for determining
safe internal concentrations for aquatic organisms.

Polychlorinated biphenyls. To predict the critical internal
concentration of PCBs associated with the LOEL, we used the
results from the multigeneration toxicity and bioaccumulation
experiment [6] of Arochlor 1248 in fathead minnows that was
used to derive the WQG. Because DeFoe et al. [6] provided
a graph showing a regression line of concentrations of Ar-
ochlor 1248 in fish lipid at various exposure concentrations in
water, we derived a linear regression equation (standard de-
viations are reported in parentheses), that is, C, = 1.85
(*=0.47)-10¢-C,,, for the concentration of Arochlor 1248 in the
fish lipid (C,, g/kg) for various exposure concentrations in
water (Cy, g/L). This regression equation was then used to
derive the concentrations of total PCBs in fish lipid (the critical
concentration) corresponding to the LOEL of 0.2 pg/L. The
safe internal concentration then followed by multiplying the
critical concentration by the safety factor of 0.005.

1,2,4,5-Tetrachlorobenzene. To derive the critical internal
concentration for TECB from the LOEL reported for 50-mg
American flagfish (Jordanella floridae) [7], a lipid-based
(BCF,) bioconcentration factor for TECB in this fish species
was estimated from the lipid—water partition coefficient K,
that is, 1047=%D L/kg lipid [8]. This method’s assumption that
steady state was achieved in the 28-d exposure period of the
toxicity experiment is supported by results [9] illustrating that
the time to reach 90% of steady state is 5.71 (+0.49) and 7.77
(%0.88) d for whole fish and fish lipid, respectively, for larger
individuals of 0.5 to 4 g. The critical and safe internal con-
centrations were then derived as

= BCF, - LOEL (1)

CL.CRIT

Cisae = BCFL-WQG = C, ey~ SF (2)

Hexachlorobenzene. The internal HCB concentration in
largemouth bass (Micropterus salmoides) at the LOEL of 3.5
pg/L [10] and the WQG of 0.0065 pg/L during a 10-d exposure
period after which toxic effects were observed was estimated
by deriving the non-steady-state bioconcentration factor (L/kg
lipid) after 10 d, BCF, ,,, as

BCF,_ o = [k/(ko:L)]-[1 ~ exp(—k,1)] 3)

where the uptake rate constant k;, that is, 1,996 (£738) L/kg
fish/d, was derived through linear regression of observed con-
centration data [10] during a linear uptake; the elimination rate
constant k,, that is, 0.12 (+0.02)/d, was determined through
linear regression of the In{concentration in the fish) versus
time data during the elimination experiment [10]; the lipid
content L is 0.07 and ¢ is 10 d. The critical internal concen-
trations were then derived as the product of BCF, ,, and the
LOEL, and the safe concentration followed as the product of
the critical concentration and the safety factor (Table 1).

An overview of the safe and critical internal concentrations
associated with the water quality guidelines are presented for
all the test chemicals in Table 1.

Step 2: Derivation of bioaccumulation factors in the field

Actual bioaccumulation factors (Table 1) of PCB, TECB,
and HCB in Canadian waters were taken from Oliver and Niimi
[11,12], who reported empirical BAF, for pontoporeia, oli-
gochaetes, sculpin, alewife, smelt, and lake trout in Lake On-
tario. In addition, a stochastic food-web bioaccumulation mod-
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el [5] was used to predict the BAF, from reported [11] water
and sediment concentrations for Lake Ontario. The bioaccu-
mulation model combines the toxicokinetics of chemical up-
take, elimination and bioaccumulation in individual organisms,
and the trophodynamics of contaminants in the food web. The
model assumes that steady state is achieved between the or-
ganisms and the concentrations in the water and sediment. The
model was tested for a large range of organic substances in
Lake Ontario [5]. The advantage of the model is that it can
assess the value of BAF, at different sites and under various
environmental conditions.

Step 3: Deriving internal concentrations in the field at the

WG

Assuming that the water concentration is at the level of the
WQG, the internal concentration in the organism at the WQG
(Cywac) can be assessed on the basis of the empirically and/
or model-derived BAF, because

CLwos = BAF,-WQG 4)

Any uncertainty in the BAF,_is directly reflected in C__wqq,
as the value for the WQG does not include uncertainty.

Step 4: Measurement of Type I and Type Il errors

A Type I error is defined as a situation in which, under
field conditions, the concentration in biota is less than the mean
safe internal concentration in the lipid when the chemical con-
centration in the water is at the WQG. In this situation, an
environmental manager might assume that aquatic biota are at
risk and/or decide that further monitoring or controls are nec-
essary when in fact risks to aquatic biota are negligible because
the safe internal concentration is not exceeded. A Type Il error
is defined as a situation in which, under field conditions, the
concentration in biota is greater than the mean safe internal
concentration in the lipid while the chemical concentration in
water is at the WQG. In this case, it might be assumed that
the risk to biota is negligible and that remediation efforts are
not warranted when in fact a substantial risk exists and re-
mediation efforts are appropriate. The Type 1 and Type 11 errors
are determined by comparing the distribution of C, we to
Cosars (Fig. 1). A Type I error is characterized as the pro-
portion of the distribution of C s less than C, g, A Type
11 error is determined as the proportion of the distribution of
CLwoe exceeding Cszpe- In addition, we determined the pro-
portion of the C, wog distribution exceeding the critical con-
centration (C cx;r) (Fig. 1).

RESULTS

A compilation of field- and laboratory-derived bioaccu-
mulation factors for PCB, TECB, and HCB as well as safe
and critical internal tissue concentrations and tissue concen-
trations at the WQG are presented in Table 1. Bioaccumulation
factors derived for PCBs, TECB, and HCB in Lake Ontario
using either measured concentration data or a food-web bio-
accumulation model were considerably larger than those de-
termined for the laboratory experiments used in the WQG
development process. As a result, concentrations in Lake On-
tario biota (C, woe) can be expected to be greater than the safe
internal concentration (Cy g4:) if the water concentration of
the chemical substance is at the WQG (Fig. 2). Figure 2 and
Table 2 illustrate that when considering uncertainty in the es-
timation of C s, and variability in estimation of C_ g, the
probability is high that the mean safe internal concentration
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Fig. 1. Schematic diagram illustrating the comparison of internal tis-
sue concentrations (g/kg lipid) at the water quality guideline to the
internal concentration (C_sare) that is designated to be safe (a, b) and
critical (c) in the water quality guideline development process.

is exceeded if the water concentration is at the WQG in the
populations of all six species in Lake Ontario for all three
chemical substances. The expected exceedence is the greatest
for the very hydrophobic substances (PCBs and HCB). Table
2 illustrates that this corresponds to a high (62-100%) prob-

S.L. Walker and F.A.P.C. Gobas

1000000

"Critical” Concantration 4

2 A T T

Cv (xglkg lipid)
§

1000 "Safs™ Concentration
PCBs
100
Pontoporela  oligochaste scuipin alewlfe smaelt lake trout
10000000 -
—-
% “Critical” Concentration
= 1000000
(-]
x
B I
2 100000
G »
10000 ! 1 3 X
TECB "Safe” Concentration
1000
Pontoporsla  oligochastes sculpin alow He smalt laks trout
1000000
“Crtical” Concentration
-
© 100000
3 ;
2 o 4 i i '
B
3
o
O 100
HCB “Safs” Concentration
100
Pontoporeia  oligochastes sculpin alawlife amaelt laks trout

Fig. 2. Expected internal tissue concentrations (png/kg lipid), derived
from empirical data (@) and model calculations (H), of polychlori-
nated biphenyls (PCBs), 1,2,4,5-tetrachlorobenzene (TECB), w.,'
hexachlorobenzene (HCB) in several Lake Ontario organisms when
the aqueous concentration is at the water quality guideline in relatic
to the internal concentration (Cy gape) that is designated to be s
(lower solid line) and critical (higher solid line) in the water quality
guideline development process.

ability of committing a Type II error. The probabilities of not
meeting the mean safe C_ (a Type I error) were relatively low
(Table 2). The probabilities that the critical concentration
(CLcrip) 1s exceeded were low (0-6%).

Because the model-derived BAF, data are in good agree-

Table 2. Probabilities (%) of committing Type I and Type II errors and the probability (%) of exceeding the critical internal concentration in
various species of Lake Ontario for polychlorinated biphenyls (PCBs), 1,2,4,5-tetrachlorobenzene (TECB), and hexachlorobenzene (HCB) as
derived from empirical data (observed) and model calculations (model)

PCBs TECB HCB
Observed Model Observed Model Observed Model

Type II error Pontoporeia 94 100 93 100 100 100
(Ciwgs > Cusare) Oligochaete 95 100 91 100 99 100
Sculpin 100 100 NA 88 100 100

Alewife 100 100 NA 85 100 100

Smelt 100 100 NA 62 100 100

Lake trout 99.8 100 96 73 95 100

Type I error Pontoporeia 6 0 7 0 0.4 0
(Ciwos < Crsare) Oligochaete 5 0 9 0 1.2 0
Sculpin 0 0 NA 12 0 0

Alewife 0 0 NA 15 0 0

Smelt 0 0 NA 38 0 0

Lake trout 0.2 0 5 27 5 0

Exceeding critical concentra- Pontoporeia 0 0 0 0 0 4
tion Oligochaete 0 0 0 0 0 6
(CLwos > Cocrir) Sculpin 0 0 NA 0 0 0
Alewife 0 0 NA 0 0 0

Smelt 0 0 NA 0 0 0

Lake trout 0 0 0 0 0 0

*NA = Not available.
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ment with those derived from empirical data in Canadian wa-
ters (Table 1), no substantial differences exist in the exceed-
ence of C| yqq over the Cy s, When using empirical data or
model calculations. The probability for values of C| wqg to be
greater than C g, is slightly greater when assessed through
the food-web model calculations than that derived using em-
pirical data because the model predicts lognormally distributed
concentrations, resulting in a larger percentage of higher con-
centrations in biota, whereas the measured concentrations were
reported to be normally distributed.

DISCUSSION

The results illustrate that it is possible that aqueous chem-
ical concentrations at the water quality guideline result in in-
ternal tissue concentrations in fish and benthic invertebrate
species that are much greater than the concentrations antici-
pated in the guideline development process. This implies that
the discrepancy between the water-internal organism concen-
tration relationships (or BAF,), due to toxicokinetic factors,
accounts for a large part of the safety factors that are used in
the derivation of the guidelines. For example, for PCB the
safety factor that is applied in the WQG development process
is 200 (or 1/0.005), and the C, wqc in lake trout exceeds C| s re
by a factor of 27, leaving a factor of approx. 7 to account for
toxicodynamic factors related to differences and variability in
inter- and intraspecies sensitivity, the extrapolation being from
the effect concentration to a long-term no-effect concentration
and other sources of uncertainty, such as the occurrence of the
chemicals in mixtures with other contaminants. The latter can
have important management implications because it can be
assumed that aquatic biota are adequately protected at the rec-
ommended water quality guideline and concluded that further
management action is unnecessary when in fact the biota are
at considerable risk. This is especially relevant in cases in
which safety factors are small, as in the case of 2,3,7,8-tet-
rachlorodibenzo-p-dioxin, in which the internal tissue concen-
tration at the LOEL (or Cycpyy) of 0.182 pg/kg lipid [13] is
very close (a factor of 3.6) to the proposed draft tissue residue
guideline (or C| g4) of 0.05 ng TEQ/kg lipid [14] associated
with the draft WQG of 0.06 pg TEQ/L [14]. In these cases, a
small underestimation of the bioaccumulation factors can ac-
tually result in field situations in which the internal concen-
tration at the WQG exceeds the internal tissue concentration
at the LOEL.

Water—internal organism concentration relationships vary
considerably between laboratory toxicity tests and the actual
environment for several reasons. First, many hydrophobic or-
ganic chemicals are absorbed by aquatic organisms in the en-
vironment from water and food, whereas in the chronic toxicity
tests, from which the guidelines were derived, the test species
are often exposed only to waterborne chemicals. It has been
shown that, for the test chemicals in this study, the diet can
be the main source of chemical uptake for benthic organisms
and fish in Lake Ontario, whereas chemical uptake from water
is negligible [5]. Second, very hydrophobic organic chemicals,
such as PCBs, HCB, and others (e.g., 2,3,7,8-tetrachlorodi-
benzo-p-dioxin), have the ability to biomagnify in food chains,
resulting in concentrations in the organism of higher trophic
levels that are much greater than those in the often smaller
organisms used in toxicity experiments while exposed to the
same concentration in the water. Third, the exposure duration
in toxicity experiments are often much shorter than those in
the actual environment. Therefore, it is possible that the in-
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ternal tissue concentration of the organism in the toxicity test
has not approached the steady-state levels to the same extent
as that in organisms in the field that have been exposed for
their entire lives. For example, for HCB steady state between
internal and water concentrations for biota are approached in
Lake Ontario, whereas steady state was not achieved in the
10-d laboratory toxicity test from which the guideline was
derived. Fourth, sediment-water disequilibria control to a sig-
nificant degree how much of the chemical is absorbed from
the sediments via the benthic food chain in comparison to
uptake from the water via the respiratory surface and/or the
pelagic food chain. Sediment-water disequilibria can occur
when chemical concentrations vary with time because of a
number of factors, such as changes in chemical inputs and
physical factors (e.g., changes in water flow) [15]. Fifth, dif-
ferences in bioavailability result from differences in the con-
centrations and composition of particulate and dissolved or-
ganic matter in the water between laboratory conditions and
field conditions. Finally, differences in size, lipid content, feed-
ing habits, and growth rates among organisms can cause sig-
nificant differences between laboratory and field derived water-
internal concentration relationships.

Qur results illustrate the difficulty with using exposure-
based concentrations as a surrogate for toxicity, a difficulty
that has also been pointed out by McCarty and Mackay {16]
and others [17-20]. Using guidelines that are based on internal
rather than external (e.g., water or sediment) concentrations is
an advantage because they can ignore the issue of how chem-
icals are taken up from the water. However, the current water
and sediment quality guideline development process has its
merits, for example, in developing permits for waste water
discharge, ocean dumping, and site remediation. In terms of
improving the WQG development process to ensure consis-
tency between water quality guidelines and internal tissue-
based guidelines on a site-specific basis, the following sug-
gestions can be made. First, as our results support, bioaccu-
mulation models can be used when developing and applying
environmental quality guidelines. In the absence of empirical
data under all relevant conditions, these models can play an
important role in capturing and quantifying differences that
might exist between laboratory and field conditions as well as
between various field conditions due to temporal and spatial
factors and differences between chemical loading histories.
Because of the costs associated with establishing statistically
valid empirical data sets for guideline development, the use
of established and well-tested food-chain models are ideal for
the development of site-specific objectives. Second, it is im-
portant to develop more realistic safety factors when devel-
oping water quality guidelines. These safety factors should
include potential uncertainties in both toxicokinetics and tox-
icodynamics. Third, the development of water quality and oth-
er environmental quality guidelines can be improved when
standard toxicity experimental protocols, such as those de-
veloped by the Organization for Economic Cooperation De-
velopment and the American Society for Testing and Materials
{21,22], include the measurement of the internal concentration
as well as the exposure concentration associated with the toxic
effect. Finally, internal-based guidelines would provide a basis
for assessing mixtures of chemicals of similar modes of action

[16].
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